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with the fruit fly D. melanogaster genome encoding 66 IRs (Croset et al., 2010) . 91 While the detailed structures of IR complexes are unknown, IRs are often 92 thought to form heteromeric channels in which an IR "co-receptor" (such as 93 IR25a, IR8a or IR76b) partners one or more "stimulus-specific" IRs (Abuin et al., 94 2011). 95 Among insect IRs, IR25a is the most highly conserved across species 96 (Croset et al., 2010) . In Drosophila, IR25a expression has been observed in 97 multiple classes of chemosensory neurons with diverse chemical specificities, and 98 IR25a has been shown to function as a "co-receptor" that forms chemoreceptors 99 of diverse specificities in combination with other, stimulus-specific IRs (Abuin et 100 al., 2011; Rytz et al., 2013) . IR21a is conserved in mosquitoes and other insects, 101 but has not been associated with a specific chemoreceptor function (Silbering et 102 al., 2011) , raising the possibility that it may contribute to other sensory 103 modalities. 104 Here we show that the previously "orphan" IR, Ir21a, acts together with 105 the co-receptor IR25a to mediate thermotransduction. We show that these 106 receptors are required for larval cool avoidance behavior as well as the 107 physiological responsiveness of the DOCC thermosensory neurons to cooling. 108 Furthermore, we find that ectopic expression of IR21a can confer cool 109 responsiveness in an Ir25a-dependent manner, indicating that IR21a can 110 influence thermotransduction in an instructive fashion. 
RESULTS:
113 Dorsal organ cool cells express Ir21a-Gal4 114 To identify potential regulators of DOCC thermosensitivity, we sought 115 sensory receptors specifically expressed in the dorsal organ housing these 116 thermoreceptors ( Fig. 1a) . Examining a range of potential sensory receptors in 117 the larva, we found that regulatory sequences from the Ionotropic Receptor Ir21a 118 drove robust gene expression (via the Gal4/UAS system (Brand and Perrimon, 119 1993)) in a subset of neurons in the dorsal organ ganglion ( Fig. 1b, 1c ). We 120 observed Ir21a-Gal4 drove gene expression in three neurons within each dorsal 121 organ ganglion ( Fig. 1b, 1c ). These neurons exhibited the characteristic 122 morphology of the DOCCs, which have unusual sensory processes that form a 123 characteristic "dendritic bulb" inside the larva (Klein et al., 2015) .
124
To confirm that the Ir21a-Gal4-positive neurons were indeed cool-125 responsive, their thermosensitivity was tested by cell-specific expression of the 126 genetically encoded calcium indicator GCaMP6m under Ir21a-Gal4 control.
127
Consistent with previously characterized DOCC responses (Klein et al., 2015) , 128 when exposed to a sinusoidal temperature stimulus between ~14˚C and ~20˚C,
129
GCaMP6m fluorescence in these neurons increased upon cooling and decreased 130 upon warming (Fig. 1d, 1e and Supp. Fig. 1 ). The expression of Ir21a-Gal4 was 131 also compared with that of R11F02-Gal4, a promoter used in the initial 132 characterization of the DOCCs (Klein et al., 2015) . As expected, GCaMP6m frame, including all transmembrane and ion pore sequences ( Fig. 2a ). As the 146 deletion in Ir21a ∆1 could also disrupt the nearby chitin deacetylase 5 (cda5) gene 147 (Supp. Fig. 2a ), Ir21a-specific rescue experiments were performed to confirm all 148 defects reflected the loss of Ir21a activity (see below).
149
Consistent with a critical role for Ir21a in larval thermotaxis, the loss of 150 Ir21a function strongly disrupted larval thermotaxis. When exposed to a thermal 151 gradient of ~0.36˚C/cm, ranging from ~13.5˚C to ~21.5˚C, Ir21a ∆1 null mutants 152 as well as Ir21a 123 / Ir21a ∆1 heterozygotes were unable to navigate away from 153 cooler temperatures and toward warmer temperatures ( Fig. 2b, 2c ). These defects As IRs commonly act in conjunction with "co-receptor" IRs, we examined 160 the possibility that larval thermotaxis involved such additional IRs. Animals 161 homozygous for loss-of-function mutations in two previously reported IR co-162 receptors, Ir8a and Ir76b, exhibited robust avoidance of cool temperatures, 163 indicating that these receptors are not essential for this behavior (Supp Fig. 2b ).
164
By contrast, Ir25a 2 null mutants failed to avoid cool temperatures, a defect that 165 could be rescued by the introduction of a transgene containing a wild type copy of 166 Ir25a (Fig. 2c ). Thus, Ir25a also participates in cool avoidance. To assess IR25a 167 expression, larvae were stained with antisera for IR25a. Robust IR25a protein 168 expression was detected in multiple cells in the dorsal organ ganglion, including 169 the three Ir21a-Gal4-expressing DOCCs (Fig. 3a ). Within DOCCs, IR25a strongly 170 labels the "dendritic bulbs", consistent with a role in sensory transduction.
171
Staining was absent in Ir25a null mutants demonstrating staining specificity 172 ( Fig. 3b ). Thus Ir25a is required for thermotaxis and is expressed in the neurons 173 that drive this behavior. DOCCs exhibited strongly reduced responses to cooling in Ir21a ∆1 deletion 180 mutants, and this defect was robustly rescued by expression of an Ir21a 181 transcript in the DOCCs using R11F02-Gal4 ( Fig. 4a-e, 4h) . Similarly, DOCC 182 thermosensory responses were greatly reduced in Ir25a mutants, a defect that 183 10 was rescued by a wild type Ir25a transgene ( Fig. 4f-h Prior work has suggested that three TRP channels, Brivido-1, Brivido-2 187 and Brivido-3, work together to mediate cool sensing in adult thermosensors 188 (Gallio et al., 2011) . Putative null mutations are available for two of these genes, 189 brv1 and brv2, and we used these alleles to test the potential role of Brivido 190 function in DOCC cool sensing (Gallio et al., 2011) . Although brv1 mutant showed 191 defects in thermotactic behavior, DOCC responses to cooling appeared unaffected 192 in brv1 mutants (Supp. Fig. 4a, 4b) . brv2 nulls exhibited no detectable 193 thermotaxis defects (Supp. Fig. 4a ). Thus we detect no role for these receptors in thermoreceptors in the arista that normally respond to warming rather than 207 cooling, did confer cool-sensitivity.
208
The adult arista contains three warmth-activated thermosensory neurons, 209 termed Hot Cells (or HC neurons) (Gallio et al., 2011) . We found that forced 210 expression of IR21a in the HC neurons could significantly alter their response to 211 temperature. As previously reported (Gallio et al., 2011) , wild-type HC neurons 212 respond to warming with robust increases in intracellular calcium and to cooling 213 with decreases in intracellular calcium, as reflected in temperature-dependent 214 changes in GCaMP6m fluorescence (Fig. 5a, 5c ). In contrast, HC neurons in 215 which IR21a is expressed under the control of a pan-neuronal promoter (N-216 syb>Ir21a animals) frequently exhibited elevations in calcium not only in 217 response to warming, but also at the coolest temperatures ( Fig. 5b, 5d, 5f ). Thus, 218 ectopic IR21a expression causes HC neurons to respond to cooling as well as Fig. 5a, 5b) . Consistent with a role for Ir25a in Ir21a-mediated 225 cool-responsiveness, ectopic IR21a expression failed to drive significant HC 226 neuron cool responses in Ir25a mutants (Fig. 5e, 5f ). Thus, IR21a can confer The precise nature of the molecular complexes that IRs form is not well 242 understood. IR25a has been shown to act with other IRs in the formation of 243 chemoreceptors, potentially as hetero-multimers (Rytz et al., 2013) . This 244 precedent raises the appealing possibility that IR25a might form heteromeric 245 thermoreceptors in combination with IR21a. However, the inability to readily 246 reconstitute cool-responsive receptor complexes in heterologous cells suggests 247 that the mechanism by which these receptors contribute to cool responsiveness is 248 likely to involve additional molecular co-factors. It is interesting to note that the 249 range of cell types in which ectopic IR21a expression confers cool-sensitivity is so 250 far restricted to neurons that are already respond to temperature. This Behaviour. Thermotaxis of early 2 nd instar larvae was assessed over a 15 min 294 period on a temperature gradient extending from 13.5 to 21.5°C over 22 cm 295 (~0.36 ˚C/cm) as described (Klein et al., 2015) . 296 297 Calcium imaging. Calcium imaging was performed as previously described for 298 larvae (Klein et al., 2015) . Pseudocolor images were created using the 16_colors 299 lookup table in ImageJ 1.43r. Adult calcium imaging was performed as described 300 for larvae (Klein et al., 2015) , with modifications to the temperature stimulus and 301 sample preparation approach. Adult temperature stimulus ranged from 14˚C to 302 30°C. Intact adult antennae with aristae attached were dissected and placed in fly 303 saline (110 mM NaCl, 5.4 mM KCl, 1.9 mM CaCl2, 20 mM NaHCO3, 15 mM 304 tris(hydroxymethyl)aminomethane (Tris), 13.9 mM glucose, 73.7 mM sucrose, 305 and 23 mM fructose, pH 7.2, (Brotz and Borst, 1996) ) on a large cover slip (24 306 mm x 50 mm) and then covered by a small cover slip (18 mm x 18 mm). The 
